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We performed population synthesis simulations of Population III binary stars with
Maxwellian kick velocity distribution when MGCOs (Mass Gap Compact Objects
with mass 2–5M) are formed. We found that for seven kick velocity dispersion
models of σk = 100–500 km/s, the mean mass of black hole (BH)-MGCO binary is
∼ (30M, 2.6M). In numerical data of our simulations, we found the existence of
BH-MGCO binary with mass (22.9M, 2.5M) which looks like GW190814.
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1. Introduction GW190814 [1] is a gravitational wave (GW) event observed by LIGO-
Virgo collaboration during the first half of the third observation period, called O3a. This
is a compact binary coalescence and the parameter estimation suggests that the binary
consists of a black hole (BH) with mass of 22.2–24.3M and a compact object with mass
of 2.50–2.67M yielding a chirp mass of Mchirp ∼ 6.03–6.15M 1. The mass of the smaller
(secondary) object lies in 2–5M, that is, between known neutron stars (NSs) and BHs.
Therefore, the secondary compact object will be a NS with the maximum observed mass
or a BH with the minimum observed mass, so that we define a mass gap compact object
(MGCO) 2 as a compact object having mass 2–5M. The merger rate density of this type of
binaries is estimated as 1–23 Gpc−3yr−1 [1]. So far, many proposals and discussions on the
BH-MGCO binary with MGCO mass of ∼ 2.6M were appeared after the announcement
of GW190814 (see, e.g., Refs. [3–24]).
We discussed in our previous study [25] in 2016, the detection rate and the chirp mass
distribution of NS-BH binaries with mass of NS below 3M by the population synthesis
simulations of Population III (Pop III) stars. We found that the merger rate density of Pop
1Mchirp = (m1m2)
3/5/(m1 +m2)
1/5 where m1 and m2 denote the mass of the primary and the
secondary objects, respectively.
2 MGCO is different from “mass gap” (2.5–5M) used in Ref. [1] and “MassGap” (3–5M) defined
in Ref. [2]. MGCOs include not only MassGap BHs, but also NSs with mass & 2M, i.e., the mass
of MGCOs lies in 2–5M.
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III NS-BH binaries is ∼ 1 Gpc−3yr−1 although it depends on the natal kick velocity of NSs.
We also found that the chirp mass distribution of Pop III NS-BH binaries that merge within
the Hubble time has a peak around 6M.
The results presented in Ref. [25] seems to be consistent with the estimation of Ref. [1]
since in Ref. [25] we defined NS if its mass is below 3M while the mass of secondary of
GW190814 is 2.50–2.67M and the chirp mass of GW190814 is evaluated as 6.03–6.15M.
Thus, it is important to revisit our previous paper using the definition of MGCO and try to
answer the question raised as follows. What are “the processes by which the lightest BHs or
the most massive NSs form” in Ref. [1] ?
In this letter, we summarize our previous study with additional analyses, and present a
scenario to explain the BH-MGCO binary of GW190814.
2. Analysis In Ref. [25], we have calculated NS-BH formations and estimated the num-
ber of NS-BH binaries merging within the Hubble time by using the population synthesis
simulations of Pop III stars [26]. The key ingredient is to introduce the NS kick velocity
of 200–500 km/s that is evaluated from the observation of the proper motion of the pulsar.
The effect of kick velocity is important to decrease the merging time of NS-BH binaries. For
comparison, we have calculated not only the Pop III NS-BH binaries, but also Pop I and II
NS-BH binaries.
To do the above analysis in our population synthesis Monte Carlo simulations, we have
considered six metallicity cases from Z = 0 (Pop III) to Z = Z (Pop I) where Z is the solar
metallicity, the initial mass, mass ratio, separation and eccentricity distribution functions
as binary initial conditions, the Roche lobe overflow, the common envelope phase, the tidal
effect, the supernova (SN) effect, and the gravitational radiation as binary interactions, and
two kick velocity models with σk = 265 km/s and σk = 500 km/s where σk is the dispersion
of a Maxwellian distribution for kick velocity.
Next, we briefly summarize the results. The chirp mass of Pop III NS-BH binaries merging
within the Hubble time is heavier than those of Pop I and II ones. The peak values of chirp
mass distributions is ∼ 6M in the case of Pop III while it is ∼ 2M in the cases of Pop I
and II. These peak values almost do not depend on the kick velocity values σk.
The NS-BH merger rates at the present day depend on the progenitors and kick velocities
(see Table 3 in Ref. [25] for the details). The sum of the merger rates of Pop I and II becomes
19.7 Gpc−3yr−1 and 6.38 Gpc−3yr−1 for σk = 265 km/s and 500 km/s, respectively. For the
Pop III case, we have found the NS-BH merger rates at the present day as 1.25 Gpc−3yr−1
and 0.956 Gpc−3yr−1 for σk = 265 km/s and 500 km/s, respectively. In the previous study,
we have assumed that the mass range of neutron stars are 1.44–3M. Thus, GW190814
belongs to the previous Pop III NS-BH result.
In this letter, we further focus on compact object binaries which consist of a BH and a
MGCO with mass of 2–5M. We calculate 106 Pop III binary evolutions and the merger rates
of BH-MGCO binaries, using the same setup of the previous Pop III NS-BH case [25]. For
simplicity, we use the simple SN remnant model given in Refs. [26, 27]. A low mass progenitor
(MZAMS . 22M) experiences a SN and the Fe core remains as the remnant, where MZAMS
is the zero age main sequence mass. On the other hand, a high mass progenitor (MZAMS &
30M) becomes a direct collapse, and the whole stellar mass becomes the remnant mass.
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Fig. 1 The chirp mass distribution of BH-MGCO binaries which merge within the Hubble
time for 7 kick models with σk = 100, 150, 200, 265, 300, 400, and 500 km/s, where Ntotal =
106 is the total number of binaries which we have simulated. The chirp mass distribution does
not strongly depend on the kick velocity. The averaged individual masses are summarized
in Table 1.
An intermediate progenitor (22M .MZAMS . 30M) experiences a failed SN and the fall
backed remnant mass linearly increases with increasing progenitor mass.
Here, we assume that the SN remnants which have a mass less than 5M experience SN
kick, and we use the Maxwellian distribution for the kick velocity distribution. We calculate
not only kick velocity dispersion models of the previous paper of σk = 265 km/s and 500
km/s, but also σk = 100, 150, 200, 300, and 400 km/s.
Results are shown by Figs. 1 and 2. Figure 1 shows the chirp mass distribution of BH-
MGCO binaries which merge within the Hubble time for each model, where Ntotal = 10
6 is
the total number of binaries which we have simulated. The chirp mass distribution does not
strongly depend on the kick velocity and has a peak at Mchirp ∼ 6M. Notice here that the
chirp mass of GW190814 is ∼ 6M. Figure 2 shows the merger rate densities for each model.
The peak of merger rate density depends on the kick velocity. Almost all BH-MGCO binaries
cannot merge within the Hubble time without the natal kick. The natal kick changes the
binary orbit and makes the binary be able to merge within the Hubble time. If the typical
kick velocity is small, the binary orbits do not change so much that the typical merger time
tends to be long. Thus, the smaller kick velocity the model has, the lower redshift the peak
of merger rate is.
Since the typical chirp mass of BH-MGCO binary of ∼ 6M is almost the same as that of
GW190814, we searched if similar BH-MGCO binary to GW190814 exists in our simulation
data. As a result, we found one with mass (22.9M, 2.5M). Figure 3 shows the evolutionary
path of this binary. The binary is born as the zero age main sequence binary consisting of
54.7M and 14.3M stars. The primary evolves to a giant and starts a mass transfer.
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Fig. 2 The merger rate densities for 7 kick models with σk = 100, 150, 200, 265, 300, 400,
and 500 km/s. We note that the smaller kick velocity model, the lower redshift the peak of
merger rate is.
Next, the primary becomes so large that the secondary plunges into the primary envelope so
that the binary enters common envelope phase. In the common envelope phase, the primary
envelope is evaporated and the separation shrinks. Without natal kick, the mass ejection at
the SN of secondary makes the binary too wide to merge within the Hubble time. However,
if the direction of the natal kick is inverse to the orbital velocity, the binary is able to merge
within the Hubble time. Figure. 3 shows that the final destiny of this binary is 22.9M BH
and 2.5M compact object which is either the lightest BH or the most massive NS. This
example might be a possible answer to the question of “What are the processes by which
the lightest BHs or the most massive NSs form in Ref. [1] ?” in Introduction.
To estimate the event rate of Pop III BH-MGCO binaries, we use an inspiral-merger-
ringdown waveform presented in Ref. [28] which is based on Refs. [29, 30], The signal-to-noise
ratio (SNR) of GW events is calculated in 4 strain-noise fitted curves (see Fig. 4) which
are prepared by using Ref. [31] for LIGO O3a-Livingston (O3a-L) (green) and LIGO O5
(magenta), Ref. [32] (see also Ref. [33]) for Einstein Telescope (ET-B) (red), and Ref. [34]
for Cosmic Explorer (CE2) (purple). Then, for example, the maximum observable redshift
zmax by setting the averaged SNR = 8 for the GW190814 binary with m1 = 23.2M and
m2 = 2.59M becomes zmax = 0.0814 for LIGO O3a-Livingston, 0.211 for LIGO O5, 5.81
for ET-B, and 49.4 for CE2.
Table 1 shows the averaged masses of BH-MGCO binaries in the solar mass M for each
kick model, and the event rates in [yr−1] based on the maximum observable redshifts zmax
(shown as values in parenthesis for each detector) of this typical binaries for 4 GW detector
configurations. For the O3a-L detector, the maximum event rate of GWs is 0.268 yr−1 for
the kick model of σk = 150 km/s. For the O5, ET-B and CE2 detectors, the maximum event
4/8
Fig. 3 Evolutionary path of a Pop III BH-MGCO binary similar to GW190814. MS,
CHeB, HeSB, and nHe mean the main sequence, Core He burning, He shell burning, and
naked He stars, respectively. The naked He star is the remnant after the common envelope
phase. Vorb, and Vkick are the orbital velocity just before the SN, and the natal kick velocity,
respectively. a (in the solar radius R) and e denote the orbital separation and eccentricity,
respectively.
rate of GWs are found as 3.62 yr−1 for the σk = 100 km/s, 2070 yr−1 for the σk = 265 km/s
and 3830 yr−1 for the σk = 300 km/s, respectively.
3. Discussion In a binary system, a heavier BH is formed first. After that, a lighter
NS is formed. At this time, a part of the blown outer layer with a mass of ∼ 1M falls
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Fig. 4 Strain-noise fitted curves for 4 GW detector configurations: LIGO O3a-Livingston
(O3a-L, green), LIGO O5 (O5, magenta), Einstein Telescope (ET-B) (red) and Cosmic
Explorer (CE2) (purple). These fitting curves are obtained by using Refs. [31–34]. We
have lower frequency cutoffs of 10 Hz, 1 Hz and 5 Hz for O3a-L and O5, ET-B and CE2,
respectively.
back, and the NS becomes a BH with a mass of ∼ 2.6M. Normally, this binary BH takes
much longer time to coalesce than the Hubble time, but considering the kick velocity of
the MGCO, the binary coalescence will occur with in the Hubble time. Figure 5 shows
mass distributions of MGCOs which merge within the Hubble time for each kick velocity
model. As a future prediction, the lighter BHs can have various masses, and some may be
NS. What seemed strange in the LIGO-Virgo paper [1] is commonplace in this scenario.
The mass distribution of MGCOs (Fig. 5) does not depend on the kick velocity models,
but depends on the SN remnant model. Future detections of MGCOs may give a strong
constraint on the SN remnant model. As a summary, the lighter compact objects will always
become BH or NS which is close to the maximum mass of NS in the scenario of this letter.
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Table 1 Averaged masses (〈m1〉, 〈m2〉) of BH-MGCO binaries in the solar mass M
and event rates in [yr−1] for 4 GW detector configurations: LIGO O3a-Livingston (O3a-L),
LIGO O5 (O5), Einstein Telescope (ET-B) and Cosmic Explore (CE2) in 7 kick models with
σk = 100, 150, 200, 265, 300, 400, and 500 km/s. Given the masses of binaries, we estimate
the maximum observable redshift zmax (values in parenhtesis for each detector), and then
the event rates for each detector are derived by using the merger rate density calculated by
the population synthesis simulations of Pop III stars. Although we can observe z ∼ 40 by
using the CE detector, the merger rate density is approximately 0 for z & 32.75 in the cases
of σk = 100 and 150 km/s, and for z & 33.30 in the cases of σk = 200, 265, 300, 400 and
500 km/s.
σk (km/s) (〈m1〉, 〈m2〉) O3a-L O5 ET-B CE2
100 (32.1, 2.73) 0.207 (0.0960) 3.62 (0.250) 687 (6.13) 774 (38.7)
150 (31.2, 2.67) 0.268 (0.0938) 3.47 (0.244) 1440 (6.06) 1850 (39.4)
200 (30.9, 2.63) 0.225 (0.0927) 2.99 (0.241) 2020 (6.01) 3000 (39.6)
265 (30.5, 2.59) 0.194 (0.0914) 2.92 (0.238) 2070 (5.95) 3750 (39.9)
300 (30.3, 2.59) 0.158 (0.0912) 1.99 (0.237) 1940 (5.95) 3830 (40.1)
400 (30.3, 2.59) 0.111 (0.0912) 1.13 (0.237) 1560 (5.95) 3430 (40.1)
500 (30.4, 2.59) 0.0928 (0.0913) 1.24 (0.238) 1200 (5.95) 2700 (40.0)
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